MicroRNAs are a class of small RNA regulators that are involved in numerous cellular processes, including development, proliferation, differentiation, and plasticity. The emerging concept is that microRNAs play a central role in controlling the balance between stem cell self-renewal and fate determination by regulating the expression of stem cell regulators. This review will highlight recent advances in the regulation of neural stem cell self-renewal and neurogenesis by microRNAs. It will cover microRNA functions during the entire process of neurogenesis, from neural stem cell self-renewal and fate determination to neuronal maturation, synaptic formation, and plasticity. The interplay between microRNAs and both cell-intrinsic and -extrinsic stem cell players, including transcription factors, epigenetic regulators, and extrinsic signaling molecules will be discussed. This is a summary of the topics covered in the mini-symposium on microRNA regulation of neural stem cells and neurogenesis in SFN 2010 and is not meant to be a comprehensive review of the subject.
Introduction
Neural stem cells are a subset of undifferentiated precursors that retain the ability to proliferate and self-renew, and have the capacity to give rise to neuronal and glial lineages in the nervous system (Gage, 2000) . Neurogenesis, initiated from neural stem cells and resulting in functional new neurons, is a fundamental process for both embryonic neurodevelopment and adult brain plasticity. Consequently, the process of creating a properly functional neuron, including neural stem cell self-renewal and fate specification, neuronal migration, maturation, and integration, is regulated by the dynamic interplay between transcription factors, epigenetic control, microRNA (miRNA) regulators, and cell-extrinsic signals from the "niche" where stem cells reside (Shi et al., 2008) . This review focuses on the role of miRNA regulators in neural stem cell self-renewal and neurogenesis.
miRNAs are short 20 -22 nucleotide RNA molecules that are expressed in a tissue-specific and developmentally regulated manner and function as negative regulators of gene expression in a variety of eukaryotic organisms (Ambros, 2004; Bartel, 2004) . These small RNA regulators are key post-transcriptional players in stem cell self-renewal and fate determination due to their important roles in the regulation of diverse genes through messenger RNA degradation or translational inhibition (Ambros, 2004; Bartel, 2004) . Deletion of genes centrally involved in miRNA processing, such as Dicer or Argonaute family members, led to loss of stem cell populations (Carmell et al., 2002; Bernstein et al., 2003; Wienholds et al., 2003) , strongly supporting a role for miRNAs in stem cell biology. Despite the vast interest by neuroscientists, studies of miRNA functions in the nervous system have been hindered by many road blocks. Research on how miRNAs regulate neural stem cell biology is still in its infancy. This minisymposium will present the most recent advances in this emerging research area, covering miRNA functions in multiple steps of neurogenesis, from neural stem cell self-renewal and fate determination, to neuronal maturation and functional integration (Fig. 1) .
Regulatory loop between miRNAs and nuclear receptor TLX in neural stem cell self-renewal and fate determination (Y. Shi) Nuclear receptors are a superfamily of phylogenetically related proteins that regulate the expression of genes critical for a variety of biological processes, including development, growth, differentiation, and homeostasis (Mangelsdorf et al., 1995; Evans, 2005) . TLX (also called NR2E1) is an orphan nuclear receptor that was initially identified as a homolog of the Drosophila tailless and plays an important role in vertebrate brain functions (Yu et al., 1994; Monaghan et al., 1997; Shi et al., 2004; Liu et al., 2008; Zhang et al., 2008; Qu et al., 2010) . Our recent studies revealed that the interplay between miRNAs and nuclear receptor TLX plays an important role in neural stem cell fate specification and determination (Zhao et al., 2009 .
We have shown that TLX is an essential regulator of neural stem cell self-renewal, through regulating genes that are important in stem cell proliferation control (Shi et al., 2004; Qu and Shi, 2009; Qu et al., 2010; Sun et al., 2010; Zhao et al., 2010) . miR-9 is a brain-specific miRNA that is expressed in the neurogenic areas of both embryonic and adult brains (LagosQuintana et al., 2002; Krichevsky et al., 2003; Deo et al., 2006; Kapsimali et al., 2007) . Interestingly, miR-9 and TLX form a feedback regulatory loop, which in turn regulates neural stem cell proliferation and differentiation (Zhao et al., 2009) . TLX is highly expressed in neural stem cells, the expression of which is reduced upon differentiation; in contrast, miR-9 expression is increased during differentiation. The temporal relationship between miR-9 and TLX expression supports the hypothesis that miRNAs induced during neural stem cell differentiation ensure cell fate transition by suppressing essential stem cell maintenance factors. miR-9 functions in neural stem cells through targeting TLX expression. Interestingly, TLX also acts as a transcriptional repressor of miR-9 genes (Zhao et al., 2009 ). This negative feedback loop between TLX and miR-9 would allow rapid transition from neural stem cells to differentiated cells.
In addition to TLX, several other target genes have been predicted and tested for miR-9, including those encoding transcription factors REST, FoxG1, Senseless, the Hairy/E (spl) transcription factors Her 5, Her 9, and components of the FGF signaling pathway, the Drosophila LIM only transcription factor dLMO, and stathmin, a protein that increases microtubule instability (Conaco et al., 2006; Li et al., 2006; Wu and Xie, 2006; Bredenkamp et al., 2007; Leucht et al., 2008; Biryukova et al., 2009; Delaloy et al., 2010) . These studies raise an interesting possibility that miR-9 may act as a regulatory switch at different developmental stages and in different organisms by interacting with target mRNAs differentially expressed in a temporal and cellular context-specific manner (Uchida, 2010) . The regulatory loop between miRNAs and transcription factors may serve as a general mechanism to control the balance between stem cell proliferation and differentiation and to allow cell fate determination in a timely manner.
Recently, we showed that miRNA lethal-7b (let-7b) also regulates neural stem cell fate decision . Overexpression of let-7b led to inhibition of neural stem cell proliferation and accelerated neural differentiation, whereas antisense knockdown of let-7b resulted in increased proliferation of neural stem cells. Moreover, in utero electroporation of let-7b to embryonic mouse brains led to reduced cell cycle progression in neural stem cells. Interestingly, this study provided a direct link between let-7b and nuclear receptor TLX. let-7b regulates neural stem cell proliferation and differentiation by targeting TLX and its downstream effector, cyclin D1. Characterizing the let-7b-nuclear receptor signaling cascade provides new insight into the role of let-7b in neural stem cell fate determination. Let-7b has also been shown to target Hmga2 to reduce the self-renewal of neural stem cells in the aging brain (Nishino et al., 2008) . Together with our observation on the role of let-7b in embryonic and adult neural stem cells through targeting TLX and cyclin D1, these studies suggest that let-7b functions in neural stem cells across a spectrum of developmental stages through targeting distinct key molecules.
Crosstalk between miRNA and epigenetic regulation in neural stem cells and neurogenesis (X. Zhao) Epigenetic mechanisms, including DNA methylation and histone modification, are known to play significant roles in the modulation of stem cell proliferation and differentiation . DNA methylation represses gene transcription either through directly blocking the access of transcription factors to their binding sites or through indirectly recruiting proteins that bind methyl-CpGs (MBDs or Kaiso family proteins) (Klose and Bird, 2006) , including MBD1, MBD2, MBD3, MBD4, and MECP2. The importance of epigenetic regulation in brain development and neurological disorders has been well documented (Chahrour et al., 2008) . The de novo mutations in MeCP2 lead to Rett syndrome, an X-linked dominant pervasive neurodevelopmental disorder (Amir et al., 1999) . MBD1 mutations have been found in a subset of autistic patients (Li et al., 2005; Cukier et al., 2010) . MBD1 deficiency in mice results in impaired adult neurogenesis and hippocampaldependent learning (Zhao et al., 2003; Allan et al., 2008; . Both MBD1 and MeCP2 have been shown to regulate the proliferation and differentiation of neural stem cells or the maturation of young neurons (Zhao et al., 2003; Kishi and Macklis, 2004; Smrt et al., 2007; Tsujimura et al., 2009 ). However, identification of their downstream targets by classical gene expression analyses have yielded limited results. We investigated whether these two proteins regulate neural stem cells by modulating noncoding RNAs, particularly miRNA expression.
We found that MeCP2 regulates specific miRNAs in mouse neural stem cells . We demonstrated that one of these miRNAs, miR-137, promotes proliferation and represses differentiation of neural stem cells via translational repression of Ezh2, a histone H3 lysine 27 methyltransferase and a member of the polycomb group (PcG) protein family (Boyer et al., 2006) . On the other hand, miR-137 expression is also upregulated in MeCP2-deficient immature neurons and miR-137 has a significant impact on the dendritic morphogenesis of young hippocampal neurons . Interestingly, the neuronal maturation function of miR-137 is achieved by translational repression of Mind bomb-1, a ubiquitin ligase known to be impor- tant for neurogenesis and neurodevelopment (Choe et al., 2007; Ossipova et al., 2009) , rather than Ezh2. Therefore, miR-137 can have multiple functions during different stages of neurogenesis.
In a parallel experiment, we have discovered that MBD1 regulates the expression of a subset of miRNAs in adult neural stem cells and one of them is miR-184, an imprinted miRNA whose genomic region has been shown to be bound by MeCP2 in neurons (Nomura et al., 2008) . We showed that in adult neural stem cells, miR-184 is regulated by MBD1, but not by MeCP2. miR-184 promotes neural stem cell proliferation and inhibits differentiation by targeting Numblike . Therefore, MBD1, miR-184, and Numblike may form a regulatory network that controls the balance between the proliferation and differentiation of neural stem cells.
Although the crosstalk between miRNA and DNA methylation is likely a common mechanism regulating critical cellular processes, evidence for this concept in mammalian neural stem cells is limited. Our results demonstrated that crosstalk between epigenetic regulation and miRNA pathway could play important roles in the modulation of adult neurogenesis.
The interplay between miRNAs and REST in neurogenesis (J. Hsieh) Recent progress has been made in investigating the links between miRNAs and neurogenesis. Noncoding RNAs play key roles in the modulation of transcriptional networks and appear to have important functions in brain development and neurogenesis (Kosik and Krichevsky, 2005; Cao et al., 2006; Mehler and Mattick, 2007) . Although studies have pointed to a global role of miRNAs in brain development, there are ϳ500 miRNA genes identified in human and mouse to date and each miRNA may have multiple mRNA targets (Saini et al., 2008) . Therefore, detailed studies of individual miRNAs are warranted to further establish the link between small noncoding RNAs and their contribution to neurogenesis.
One of the most fascinating stories regarding an individual miRNA and neuronal differentiation is that of miR-124, the most abundant miRNA in the adult brain (Lagos-Quintana et al., 2002) . During neurogenesis, miR-124 expression is undetectable or expressed at low levels in progenitor cells and is upregulated in differentiating and mature neurons (Deo et al., 2006) . Previous studies demonstrated that overexpression of miR-124 in HeLa cells led to decreased expression of many non-neuronal genes to reflect a gene expression program more similar to that of neuronal cells (Lim et al., 2005) . Another set of studies showed that the repressor element-1 silencing transcription factor (REST, also known as NRSF) can silence the expression of miRNA-124 and the downregulation of REST and increased levels of miR-124, and neuronal gene expression is permissive for neuronal differentiation in mouse embryonal carcinoma cells (Conaco et al., 2006) . However, inhibiting miR-124 did not affect neuronal differentiation, at least in chick neural tube (Cao et al., 2007) . More recently, miR-124 was shown to promote neuronal differentiation and cell cycle exit of neural stem cells in the subventricular zone, one of the neurogenic niches of the adult mammalian brain (Cheng et al., 2009 ). MiR-124 may act in turn by silencing REST and switching on neuron-specific splicing by targeting PTBP1, a repressor of pre-mRNA splicing in non-neuronal cells (Makeyev et al., 2007) .
The exact connection between miR-124 and REST remains largely unknown since REST plays an essential role in early development and REST-null mice are embryonic lethal (Chen et al., 1998) . We therefore generated an inducible and conditional knock-out allele of REST to determine the role of REST during adult neurogenesis (Z. Gao and J. Hsieh, unpublished data). The deletion of REST in adult subventricular zone (SVZ) progenitors in vitro led to precocious neuronal differentiation, consistent with the observation upon overexpression of miR-124 (Cheng et al., 2009) . These emerging studies suggest that the maintenance of neural stem cells and control of neurogenesis require the complex interplay between actions of both transcriptional regulators and miRNAs. miRNAs in spatial patterning of the developing spinal cord (H. Wichterle) Spatial patterning of neural tissue into discreet progenitor domains relies on cross repressive interactions among determinants of cell identity. To what extent miRNAs are involved in the segregation of neuronal subtypes in vertebrates remains unclear. The analysis of neural specific Dicer mutants in mammals established miRNA roles in the control of temporal transitions from early to late neural progenitors (Georgi and Reh, 2010) or from progenitors to postmitotic neurons (Fineberg et al., 2009) . A role for miRNAs in spatial patterning has been demonstrated in the developing mesoderm where miR-196 is expressed in a spatially complementary manner with its target Hoxb8 (Mansfield et al., 2004; McGlinn et al., 2009 ). In contrast, there is currently no experimental evidence for miRNA involvement in the spatial patterning of neural progenitors (Fineberg et al., 2009 ). This might be in part due to the lack of a simple genetic system to probe miRNA function during the early stages of mammalian development when progenitor identity is established. A complete loss of Dicer function in mice leads to embryonic lethality before neural tissue formation (Bernstein et al., 2003) and selective disruption of Dicer function in early neural progenitors is complicated by the relative stability of existing miRNAs and the lack of suitable drivers expressed in prospective neural tissues .
To circumvent this limitation we used an embryonic stem (ES) cell model of spinal cord patterning (Wichterle et al., 2002) . We developed an ES cell line in which Dicer function can be disrupted in a tamoxifen-regulated manner. Loss of ubiquitously expressed miRNAs was detectable 3-4 d after tamoxifen treatment. To determine whether miRNAs are essential for dorsoventral patterning of neural progenitors, tamoxifen-treated ES cells were induced to acquire distinct dorsoventral spinal progenitor identities by exposure of differentiating cells to retinoic acid and to increasing concentrations of sonic hedgehog agonist. Analysis of the expression pattern of progenitor markers revealed a selective loss of progenitors of V2 spinal interneurons in cultures exposed to a low concentration of sonic hedgehog agonists. The loss was compensated by an increase in the number of motor neuron progenitors, indicating that miRNAs play a role in the repression of motor neuron progenitors and promotion of V2 interneuron progenitor fate. These findings provide evidence that miRNAs are involved in the specification of spatial identity of neural progenitors and might be critical for the positioning of progenitor boundaries in the developing neuroepithelium. The stem cellbased approach used in this study can be easily adapted to examine miRNA-dependent patterning phenotypes at other neural territories and developmental time points. miRNA in neuronal maturation and synaptogenesis (S. Impey) miRNAs show striking developmental regulation in the nervous system. They are compartmentalized to distinct cellular domains, and have been implicated in neural differentiation, synapse de-velopment, and synaptic plasticity (Vo et al., 2010) . The cAMP response element-binding (CREB) transcriptional pathway regulates dendritic growth, activity-regulated dendritic refinement, synaptogenesis, and use-dependent synaptic plasticity. We took a novel chromatin immunoprecipitation sequencing (ChIP-seq) methodology, termed SACO, to identify CREB target sites on a genome-wide basis (Impey et al., 2004) . This led to the identification of a novel CREB-and activity-regulated noncoding RNA that encodes two activity-regulated miRNAs, miR-132 and miR-212 (Vo et al., 2005; Wayman et al., 2008) . Subsequent work revealed that miR-132 regulates dendritic growth, activityinduced spine growth, spine morphology, hippocampal miniature EPSC (mEPSC) frequency, and circadian rhythms Wayman et al., 2008; Edbauer et al., 2010; Impey et al., 2010) . Recently, high-throughput small RNA sequencing was used to clone and identify a novel "star" miRNA derived from the miR-132-212 cluster (Remenyi et al., 2010) . This novel miRNA is highly regulated by synaptic activity and regulates spine formation in hippocampal neurons.
To further determine the role of miRNAs in neuronal maturation, we examined the expression of small RNAs in an embryonic stem cell model for neuronal differentiation and in brain-derived neural stem/progenitor cells. miR-132 and other miRNAs are dramatically upregulated at specific stages of neuro-ectodermal development. Furthermore, miR-132 plays a role in radial-glial stem cell self-renewal.
The variable kinetics of miRNA biogenesis and catabolism has made characterization of miRNA transcriptional circuits difficult. For example, in some tissues miRNAs have an estimated half-life of ϳ24 h while, in other systems, miRNAs decay rapidly. To circumvent this limitation, we took advantage of highthroughput ChIP-Seq and RNA-Seq screens to characterize the regulation of miRNA-encoding genes by neuronal activity and CREB in hippocampal neurons. Integrated bioinformatic analysis of RNA polymerase II occupancy, transcription-associated histone methylation, and global RNA profiling facilitated the identification of novel CREB-and activity-regulated miRNAencoding genes. These unbiased functional genomics studies also indentified novel classes of neuron-specific small RNAs, including mirtrons, miRNAs processed from loop sequences, and repeat-associated small RNAs. In particular, we will present data characterizing a genomic cluster of CREB-and activity-regulated RNAs that encode multiple novel and known miRNAs. miRNA in synaptic plasticity (S. Banerjee) Brain function is regulated by a vast neuronal network system made up of nerve junctions or synapses. Modification of these synapses or synaptic plasticity that occurs in response to neuronal activity underlies several neuronal circuit functions, including formation of long-term memory. Our current understanding of the fundamental basis of long-term memory formation is centered on how synapses can translate a neuronal signal into a longlasting change in synaptic structure and function. Among the critical changes that underlie plasticity are those related to local translation.
Spatiotemporal control of protein synthesis at synaptodendritic compartments is regulated by multiple levels of control. An important modulator of localized protein synthesis is miRNAs (Kosik, 2006; Schratt, 2009) . Mature miRNAs modulate posttranscriptional gene expression in association with a multiprotein complex, known as the RNA-induced silencing complex (RISC). They bind to the 3Ј-untranslated region (UTR) of mRNAs and result in translational inhibition (Kosik, 2006) . Interestingly, it has been shown that impairment of key RISC factors, such as MOV10, a DEAD box helicase, can derepress translation (Chendrimada et al., 2007) . However, a molecular mechanism of miRNA-mediated translation control of synaptic protein synthesis is largely unknown.
In a recent study we observed that MOV10, similar to its fly ortholog Armitage (Ashraf et al., 2006) , is degraded rapidly through proteasome upon NMDA receptor activation or depolarization (Banerjee et al., 2009) . Prompted by this observation and previous literatures, we hypothesized that the activityregulated MOV10 degradation would lead to translational derepression of RISC-associated mRNAs at the synapse. We designed a novel method, known as a translation trap, to identify synaptic mRNAs that would be redistributed from the translationally suppressed pool to an actively translating polyribosomal fraction upon RNAi-mediated removal of MOV10. Of 54 transcripts tested, the translation trap identified a dozen synaptic mRNAs, including two known RISC-regulated mRNAs, LIMK1 and ␣CaMKII. Among these novel candidates, we studied lysophospholipase 1 (Lypla1) (also known as APT1), a depalmitoylating enzyme that regulates the cytoskeletal regulator, G ␣ (Duncan and Gilman, 1998) . Palmitoylation is a reversible post-translational modification that has recently been implicated in synaptic plasticity (Kang et al., 2008) . We identified that Lypla1 is targeted by miR-138, a brain-enriched miRNA. Furthermore, we found that Lypl1 and miR-138 colocalize in synapses, suggesting that the duplex exerts regulatory control over synthesis of Lypla1 protein at the synapse.
Using a photoconvertible translation reporter, Kaede, we observed that the proteasomal control of MOV10 degradation is a critical step toward Lypla1 3Ј-UTR-driven dendritic protein synthesis. Furthermore, our imaging analysis demonstrated coordination between degradative control of RISC and protein synthesis from RISC-associated mRNAs at individual synapses. In addition to our observations, another recent study has shown that Lypla1 plays a critical role in synaptic development (Siegel et al., 2009) . Together, these observations suggest that miRNAmediated control of dendritic protein synthesis is likely to regulate synaptic plasticity. Future experiments are directed toward testing the role of this degradative control over synaptic protein synthesis in long-term memory formation at the organismal level.
Conclusions
Stem cells have provided great hope for cell replacement therapies. Because neural stem cells have the potential to impact a wide spectrum of neurological diseases, there is a great deal of interest in understanding neural stem cell biology, from basic science to translational medicine. This mini-symposium, by addressing the emerging role of miRNAs in regulating neural stem cell fate, neuronal maturation, and synaptic development, will allow further understanding in the control of neural stem cell self-renewal and neurogenesis.
